The tailbud is the posterior leading edge of the growing vertebrate embryo and consists of motile progenitors of the axial skeleton, musculature and spinal cord. We measure the 3D cell flow field of the zebrafish tailbud and identify changes in tissue fluidity revealed by reductions in the coherence of cell motion without alteration of cell velocities. We find a directed posterior flow wherein the polarization between individual cell motion is high, reflecting ordered collective migration. At the posterior tip of the tailbud, this flow makes sharp bilateral turns facilitated by extensive cell mixing due to increased directional variability of individual cell motions. Inhibition of Wnt or Fgf signaling or cadherin 2 function reduces the coherence of the flow but has different consequences for trunk and tail extension. Modeling and additional data analyses suggest that the balance between the coherence and rate of cell flow determines whether body elongation is linear or whether congestion forms within the flow and the body axis becomes contorted.
INTRODUCTION
Vertebrate axis elongation intertwines cell migration, cell differentiation and tissue patterning within a structure called the tailbud. The tailbud is the posterior end of the growing trunk and tail and contains both neural and mesodermal anlagen (Griffith et al., 1992; Holmdahl, 1925; Wilson et al., 2009 ). Genetic and fatemapping studies demonstrate the existence of a population of bipotential neural/mesodermal stem cells in the mouse and zebrafish tailbud (Martin and Kimelman, 2012; Takemoto et al., 2011; Tzouanacou et al., 2009 ). Inhibition of cell division during gastrulation and/or the segmentation period modestly reduces body length, suggesting that cell migration primarily drives elongation (Harrington et al., 2010; Quesada-Hernández et al., 2010; Zhang et al., 2008) . In zebrafish, cell-labeling and cell-tracking experiments have elucidated the spatiotemporal patterns of cell movement and cell division in the blastula, gastrula and early tailbud (Kanki and Ho, 1997; Keller et al., 2008; Olivier et al., 2010) .
Within the tailbud, cell differentiation, axis elongation and segmentation are linked by Fibroblast growth factor (Fgf) and canonical/β-catenin-dependent Wnt signaling (Kimelman, 2006; Pourquié, 2011) . Abrogation of canonical Wnt signaling in mouse or zebrafish leads to axis truncation as Wnt is involved in specifying and maintaining mesodermal progenitors (Dunty et al., 2008; Martin and Kimelman, 2008; Martin and Kimelman, 2012; Shimizu et al., 2005; Szeto and Kimelman, 2004; Takada et al., 1994; Thorpe et al., 2005) . The roles of Fgf signaling in trunk and tail development have been studied by genetic perturbation and chemical inhibition of Fgf receptors (Fgfrs) with SU5402 (Draper et al., 2003; Dubrulle et al., 2001; Mathis et al., 2001; Mohammadi et al., 1997; Naiche et al., 2011; Niwa et al., 2007; Sawada et al., 2001; Sun et al., 1999; Wahl et al., 2007) . Conditional knockout (cKO) of Fgfr1 or Fgf4 and Fgf8 in the mouse mesoderm leads to axis truncation accompanied by a reduction in mesoderm differentiation (Naiche et al., 2011; Niwa et al., 2007; Wahl et al., 2007) . In zebrafish, short and/or bent embryos are commonly caused by mutation or overexpression of cell signaling and adhesion genes, but the mechanics of such defects are poorly understood (Draper et al., 2001; Flowers et al., 2012; Hammerschmidt et al., 1996; Jülich et al., 2005; Kawamura et al., 2008; Keegan et al., 2002; Lele et al., 2002; Marlow et al., 2004; Okuda et al., 2010; Rauch et al., 1997a; Row and Kimelman, 2009; Shimizu et al., 2005; Stoick-Cooper et al., 2007; Tucker et al., 2008; Weidinger et al., 2005; Zhang et al., 2006) .
Fgf and canonical Wnt signaling form a network with T-box family transcription factors to govern cell fates within the tailbud (Kimelman, 2006; Wilson et al., 2009) . In zebrafish, four T-box genes, ntla, ntlb, spt and tbx6, function in combination to specify axial and paraxial mesoderm (Amacher and Kimmel, 1998; Griffin et al., 1998; Griffin and Kimelman, 2002; Griffin and Kimelman, 2003; Martin and Kimelman, 2008) . ntl and spt also upregulate transcription of Fgf genes, which, in turn, promote T-box gene transcription, forming a positive autoregulatory loop that is required for mesoderm development in the tailbud (Draper et al., 2003; Griffin et al., 1998; Griffin and Kimelman, 2003) . Recent data suggest that the T-box-Fgf loop is restricted to the axial mesoderm whereas another positive feedback loop comprising ntl, bra and canonical Wnt signaling specifies and maintains paraxial mesoderm precursors (Martin and Kimelman, 2008) .
Non-canonical/planar cell polarity Wnt signaling and Fgf signaling may directly and/or indirectly regulate cell migration within the tailbud. A recent study found that Fgf signaling promotes high cell motility in the chick tailbud (Bénazéraf et al., 2010) . In the primitive streak, there is evidence that Fgf4 functions as a chemoattractant whereas Fgf8b acts as a chemorepellant (Yang et al., 2002) . In the chick dermomyotome, Fgf8 can act as a chemoattractant to motor neurons in a process mediated by Fgfr1 (Shirasaki et al., 2006) . The chemotactic property of Fgf ligands is best documented in the process of branching morphogenesis in the Drosophila tracheal system (Affolter et al., 2009; Sutherland et al., 1996) . Similarly, in vitro data suggest that Fgf10 might serve as a chemoattractant in branching morphogenesis of the mouse lung (Park et al., 1998) . During gastrulation, the role of the noncanonical Wnt pathway in regulating cell migration during convergence extension has been extensively studied (Heisenberg and Solnica-Krezel, 2008) . The non-canonical Wnt pathway establishes cell polarity, which is necessary for efficient mesoderm migration towards the dorsal midline (Roszko et al., 2009; Wallingford et al., 2002) . Non-canonical Wnt signaling is also required for zebrafish trunk and tail elongation (Marlow et al., 2004; Rauch et al., 1997b; Zhang et al., 2006) .
Here, we measured the cell flow field within the zebrafish tailbud during trunk elongation. We combine live zebrafish imaging, cell tracking and metrics from fluid mechanics and condensed matter physics to quantify the three-dimensional (3D) cell velocity field along the posterior leading edge of the zebrafish embryo. We identify a transition in tissue fluidity revealed as a decrease in the global order of the cell flow in the absence of corresponding changes in cell velocity. We quantify the changes in the cell flow due to moderate abrogation of Wnt and Fgf signaling. Computer simulations suggest that a decrease in the coherence of collective migration combined with a normal flow rate leads to a 'traffic jam' in the posterior tailbud that, when resolved, can lead to a severely contorted trunk. By contrast, when the decrease in coherence of collective migration is accompanied by a reduction in the flow, only a modest reduction in axial growth is observed and morphological 'kinks' are restricted to the tip of the tail. These data suggest that the flow rate and coherence of the collective migration within the tailbud must be balanced for linear elongation of the developing vertebrate trunk.
MATERIALS AND METHODS

Zebrafish methods
Zebrafish were raised according to standard Institutional Animal Care and Use Committee approved protocols (Nüsslein-Volhard and Dahm, 2002) . The pac tm101B allele of cdh2 and TLF were used (Lele et al., 2002) . Heat shock of the hsΔTCF-GFP transgenic line (Lewis et al., 2004 ) was carried out as described (Stoick-Cooper et al., 2007; Weidinger et al., 2005) . Tailbud dissections and qPCR were performed as previously detailed (Stulberg et al., 2012) . Two-photon laser uncaging of caged fluorescein dextran was performed as described (Russek-Blum et al., 2010) .
Analysis of cell motion
One-cell-stage wild-type embryos were injected with nuclear localization signal red fluorescent protein (nlsRFP) mRNA (70 ng/μl) or both nlsRFP (70 ng/μl) and notum1a (100 ng/μl) mRNAs. At the ten-somite stage, embryos were mounted in low-melt agarose and imaged using a Zeiss LSM 350 confocal microscope. All time-lapses were taken at 18°C using a Linkam Scientific PE100 stage. Image stacks were taken with an interval of 2.5-3.5 minutes. We imaged four wild-type embryos, six notum1a overexpressing embryos and six embryos treated for 3 hours beginning at the tailbud stage with 50 μM SU5402. Cell tracking was performed using Imaris (Bitplane). Double-labeled cells were used to calculate tracking accuracy. Embryos were injected with nlsRFP mRNA at the one-cell stage and with nlsGFP mRNA (70 ng/μl) at the eight-cell stage. Four-dimensional (4D) imaging was performed and red and green channels were independently tracked. If the red track of a double-labeled cell jumped to another cell during the time lapse then the track was scored as an 'error'. If the track ended prematurely or if the track was split into two tracks they were scored as 'split'. If the track had no jumps or splits and followed the cell completely it was scored as 'complete'. Among 222 double-labeled cells in three embryos, 15% (33/222) contained an error, 51% (113/222) of the tracks were 'split' and 34% (76/222) of the tracks were 'complete'.
Quantitative analysis of cell motion
Imaris software (Bitplane) was used to track the 3D position of individual nuclei and extract basic statistics of motion. Before we started the analysis, the cell-position data for the entire tailbud was divided into different regions, namely the dorsal medial zone (DM; red), the progenitor zone (PZ; green) and the presomitic mesoderm (PSM; blue). This subdivision was carried out manually in Imaris by sorting tracks by physical location. Mean track speed, coefficient of variation and track straightness were calculated using Imaris. The display of the tracks in the top 10% displacement was also performed by Imaris. All other analyses of the cell track data and computer modeling of the cell flow were performed using custom MatLab routines as detailed in supplementary material Appendix S1.
RESULTS
Discrete regions of the tailbud exhibit unique patterns of cell flow Using 4D confocal imaging and cell tracking, we examined the cell flow of the paraxial mesoderm and its progenitors during trunk elongation (Fig. 1A) . We divided the tracks into three tailbud regions based on morphology and patterns of gene expression. The dorsal medial zone (DM) lies in the posterior tailbud dorsal to the axial and paraxial mesoderm (Fig. 1C,D , red domain) and contains recently identified bipotential neural/mesodermal stem cells (Martin and Kimelman, 2012) . The DM lacks expression of mesoderm and segmentation genes, such as tbx6 and her1 (Griffin et al., 1998; Holley et al., 2000) . The progenitor zone (PZ) is ventral to the DM and posterior to the notochord (Fig. 1C ,D, green domain) and exhibits tbx6 and her1 transcription. The presomitic mesoderm (PSM) consists of two bilateral columns of cells (Fig. 1C,D , cyan domains) that display the her1 stripes created by the segmentation clock Pourquié, 2011) . The PSM is covered with an extracellular matrix that separates it from the overlying DM and adjacent axial mesoderm (Jülich et al., 2009) . Generally, the PSM exhibits much less cell movement than does the posterior tailbud (Mara et al., 2007) .
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Development 140 (3) We found the cell tracking to be 85% accurate over the 2.5-3 hour dataset ( Fig. 1B ; Materials and methods) and utilized the cell tracks to examine the general patterns of movement in the tailbud including track straightness, mean speed and coefficient of variation (CV; standard deviation divided by the mean) of the speed ( Fig (Fig. 1G,H ) and allowed the embryos to complete body elongation (Fig. 1I ). Of 13 embryos, ten exhibited labeled myofibers, indicating that DM cells migrated through the PZ to the PSM and were incorporated into somites. The separation of the myofibers by up to eight somites indicates that the labeled cells resided in the PZ for different lengths of time and entered the PSM up to 3-4 hours apart.
Utilizing the raw cell track data, we compared the statistics of cell motion in the DM, PZ and PSM. Cell movement within the DM was rapid, showed low CV and exhibited the straightest trajectories ( Fig . PZ cell movement was equally rapid, but displayed greater CV of track speed and reduced 'straightness' relative to the DM. The PSM mean speed was much diminished, had high CV of track speed and the tracks were the least straight.
These changes in cell motion are visualized with a vector map in which the 3D cell velocities are projected onto the twodimensional (2D) x and y planes and averaged over 10 μm 2 sectors and in the z direction ( Fig Here, the ventral migration from the DM into the PZ was highlighted in the medial-posterior tailbud. This flow is segregated from the dorsal and anterior migration of the lateral periphery. We used finite element method (FEM) to quantify local rotational velocity within the flow field defined by the trajectories of the cell nuclei (Kelley and Ouellette, 2011) . The rotation is displayed similarly to the velocity field, but the heat map indicates the magnitude of the local rotation and the arrows represent the projection of vorticity vectors. The direction of the arrows is perpendicular to the plane of rotation via the 'right-hand rule'. A dorsal-to-ventral rotation exists within the DM and medial PZ ( A transition from effective and coherent cell flow as cells move from the DM to the PZ To examine local tissue motion, we averaged cell velocities over different radii (5, 10, 15, 20, 25, 30, 35, 40 μm) and displayed the velocity in a vector map. The map averaged over the 15 μm radius is representative and is shown next to the cell velocity vector map of the raw data (Fig. 3A,B) . We then subtracted the average tissue motion from the individual tracks to display cell velocity variation from the local tissue average (Fig. 3C ). This analysis demonstrated that local tissue motion in the PSM is small compared with local tissue motion in the DM (Fig. 3B) . Cellular variation from local tissue movement was also low in the PSM, particularly relative to the PZ (Fig. 3C ). These general patterns are present when averaging velocities at all radii. However, averaging over larger radii leads to artifacts as local velocities in the DM appear reduced owing to averaging with adjacent slower PSM cells. Thus, to quantitatively examine cell motion, we analyzed the DM, PZ and PSM tracks separately.
Time lapses of the entire developing embryo show that cells in a given somite, e.g. somite ten, do not move relative to the body axis. Rather, the posterior tip of the tailbud progressively extends away from somite ten (Karlstrom and Kane, 1996; Schröter et al., 2008) . Our analysis of local average velocity found that the PSM also displayed relatively little movement (Fig. 3A,B) . The lack of net displacement along the anterior-posterior axis in the anterior part of the PSM was also evident. Thus, we used the anterior 50 m of the PSM as our frame of reference. We calculated the center of mass of the velocities of the bilateral halves of the anterior 50 m of the PSM in our datasets for each time point and subtracted 575 RESEARCH ARTICLE Zebrafish tailbud fluidity the movement of this center of mass from all other individual cell velocities for each time point. We used these relative velocities to calculate the value of the mean square displacement (MSD) exponent, polarization (Φ), correlation length of direction of motion, neighbor similarity, polar angle (ϕ), and convergence and extension as described below.
We calculated the MSD for each track and extracted the corresponding exponent values. An exponent value of 1 indicates pure diffusive motion and a value of 2 indicates ballistic motion. The data from four wild-type embryos were averaged for the DM, PZ and PSM. Cells in all three domains exhibited values between 1 and 2, indicative of directed migration (Fig. 3D) . The DM exhibited a larger exponent value, consistent with it displaying the straightest and most rapid cell migration.
Neighbor similarity is a measure of the degree to which a cell migrates in the same direction as its immediate neighbors (ArboledaEstudillo et al., 2010) . The DM cells showed higher neighbor similarity than those of the PZ or PSM (Fig. 3G) . We also quantified the global order in each domain via the polarization (Φ) which varies from 0 (disordered) to 1 (ordered) (Cavagna et al., 2010) . The DM exhibited high polarization that was roughly twice that observed in the PZ or PSM, indicating that cells migrate more coherently in the DM (Fig. 3E ). This loss of coherence as cells migrate into the PZ is reflected in the increase in the variation of individual cell motion relative to the local tissue motion in the PZ (Fig. 3C) .
Lastly, we calculated the two-point correlation function of the normalized velocities (Angelini et al., 2010; Cavagna et al., 2010) . As expected from the general geometry of the cell flow, the correlation length of the direction of motion was relatively high in the DM (~15 cell diameters) but dropped significantly as cells entered the PZ and remained low in the PSM (Fig. 3F) .
Together, these data indicate that cell flow in the DM is rapid, ordered and posteriorly directed. As the cells enter the PZ, their speed is maintained but motion becomes less straight and less effective as migration loses much of its coherence and local coordination. Speed decreases as cells transition from the PZ to the PSM, and motion coherence continues to be low.
Reduction in Wnt signaling abrogates coherence of DM cell migration and bilateral symmetry in the PZ
The cell flow field analysis indicates that DM cells migrate coherently to the posterior end of the embryo where they adopt a less coordinated mode of cell migration. We found that this transition coincides with the expression of a number of Wnt inhibitors, including notum1a (Fig. 4C) (Flowers et al., 2012; Giráldez et al., 2002; Traister et al., 2008) . notum1a, like a recently characterized planarian notum homolog, specifically inhibits canonical Wnt signaling and can do so when overexpressed during body elongation (Flowers et al., 2012;
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Development 140 (3) Petersen and Reddien, 2011) . Canonical Wnt signaling operates within a gene network required for zebrafish axis elongation, and we reasoned that notum1a might regulate cell migration in the tailbud (Shimizu et al., 2005; Szeto and Kimelman, 2004; Thorpe et al., 2005) . We overexpressed notum1a by mRNA microinjection and observed axis elongation defects ( Fig. 4D,E ; supplementary material Fig. S6 ). We performed qPCR on pooled dissected tailbuds to assay for changes in canonical Wnt target gene and mesoderm specific transcription. Consistent with notum1a inhibiting Wnt signaling, we detected a strong reduction in expression of dkk1, a downstream target of canonical Wnt signaling, but not in expression of the Fgf targets sef (il17rd -Zebrafish Information Network) and sprouty4 ( Fig. 4N ) (Fürthauer et al., 2002; Fürthauer et al., 2001; Hashimoto et al., 2000; Shinya et al., 2000; Tsang et al., 2002) . We also observed a significant reduction in tbx6 expression suggesting a reduction in mesodermal cell fate. However, in situ hybridization for mesodermal markers such as tbx6, her1 and eve1 or the neural marker neurogenin 1 suggests that the notum1a embryos with the misdirected body axes retain normally organized mesodermal and neural cell tissue (Fig. 4F ,G,K,L; supplementary material Fig. S6 ) (Joly et al., 1993; Korzh et al., 1998) . Owing to difficulty imaging embryos with severely upturned body axes (supplementary material Fig. S6Q ), we sorted eightsomite-stage notum1a-overexpressing embryos exhibiting mild elongation defects for time-lapse imaging (Fig. 4D) . At the eightsomite stage, we have a 50% likelihood of identifying embryos that ultimately have elongation defects. Roughly half of the sorted embryos developed normal trunks and tails, whereas the other half exhibited misdirected trunks pointing dorsally, leftward or rightward ( Fig. 4E; supplementary material Fig. S6 ). Accordingly, of the six notum1a-overexpressing embryos that we imaged, three had cell velocity fields similar to wild type whereas three were clearly abnormal. These latter three embryos displayed an obvious cell aggregation on the dorsal tailbud. The abnormal embryos exhibited no significant change in either track straightness or mean cell speeds (supplementary material Fig. S1E-G, Fig. S2E-G) .
The effects of ectopic notum1a expression on cell motion can be seen in the asymmetries in vector maps ( Fig. 2B ; supplementary material Fig. S3E-G) . The medial posterior tailbud still exhibited relatively rapid, posteriorly biased cell movement, but the bilateral swirls in the PZ were absent. Similarly, the top 10% track displacement shows that the ventral and dorso-anterior flows were no longer segregated and bilaterally symmetric ( Fig. 2E,H ; supplementary material Fig. S4E-G) . The vorticity vector map reveals that the dorsal-ventral local rotation in the flow field was disrupted and, in some cases, even reversed exhibiting ventral to dorsal rotation ( Fig. 2K; supplementary material Fig. S5E-G) .
These notum1a-overexpressing embryos showed no significant alteration in the value of the MSD exponent (Fig. 3H) . However, when we examined the effects of notum1a overexpression on cell motion in the DM, we observed reduced neighbor similarity (Fig. 3K) , polarization (Φ) (Fig. 3I ) and correlation length of the direction of motion (Fig. 3J) . The PZ and PSM were not significantly affected (Fig. 3H-K) .
We also used a heat-shock dominant-negative Tcf-GFP transgenic zebrafish line (hsΔTCF-GFP) to inhibit canonical Wnt signaling (Lewis et al., 2004) . Heat shock of this line at the twosomite stage resulted in more severe abrogation of development than did injection of notum1a mRNA (Yin et al., 2011) , and exhibited more severe quantitative effects on cell motion (supplementary material Fig. S7 ). Together, these data suggest that inhibition of canonical Wnt signaling in the tailbud reduces the coherence of migration in the DM.
Inhibition of Fgf signaling reduces DM cell migration coherence but not bilateral symmetry in the PZ
To examine Fgf signaling in the zebrafish tailbud, we performed a series of time-resolved perturbations with the Fgfr antagonist 577 RESEARCH ARTICLE Zebrafish tailbud fluidity SU5402 and quantified the onset of inhibition. We measured phosphorylation levels of the effectors Erk and Akt by western blot, and transcription of the direct Fgf targets sprouty4 and sef by qPCR. We observed notable signal reduction in pooled dissected tailbuds after three hours treatment with SU5402 (Stulberg et al., 2012) . This treatment led to a much milder effect on axis elongation than did notum1a inhibition of Wnt signaling (Fig. 4I,J) . No bump formed in the DM and trunk elongation was linear. However, the embryos were shorter than normal and frequently displayed a kink in the posterior tail. Like notum1a-overexpressing embryos, these SU5402-treated embryos have relatively normal patterns of mesodermal and neural gene expression (Fig. 4H,M ) (Stulberg et al., 2012) .
To examine the role of Fgfr signaling in regulating cell flow within the tailbud, we began 4D confocal time-lapse analysis three hours after SU5402 treatment and imaged six embryos. As with half of the notum1a-overexpressing embryos, three of the SU5402-treated embryos were wild type in their quantitative cell flow metrics (not shown). However, the other three embryos exhibited changes in the DM that were equal to or stronger than the alterations seen in embryos with ectopic notum1a, and the alteration in cell flow is visually obvious. Cell track mean speed was unchanged in the DM (supplementary material Fig. S2 ), but the CV of track mean speed was modestly increased in both the DM and PZ (data not shown). Examination of polarization (Φ), correlation length of the direction of motion and neighbor similarity revealed reductions in the DM in line with those observed after notum1a overexpression (Fig. 3M-O) . Thus, the coherence of migration was significantly reduced. Inhibition of Fgfr signaling also strongly decreased the value of the MSD exponent and track straightness in the DM ( Fig. 3L; supplementary material Fig. S1H-J) . By comparison, track straightness was only weakly affected and the value of the MSD exponent was not changed by notum1a overexpression, suggesting that SU5402 treatment has a more robust effect on DM cell flow. Unlike notum1a overexpression, the SU5402 treatment caused neither a loss of bilateral symmetry in the flow pattern of the posterior tailbud (Fig. 2C,F,I ; supplementary material Fig. S3H-J, Fig. S4H-J) nor a reversal in local rotational velocity ( Fig. 2L; supplementary material Fig. S5H-J) . Thus, whereas Fgfr inhibition more strongly affected quantitative metrics of cell flow in the DM, ectopic notum1a-overexpressing embryos displayed more dramatic alterations in dorsal-to-ventral rotation and bilateral symmetry of flow in the PZ and in overall axis morphology.
Tissue fluidity is regulated by Cadherin 2 cadherin 2 (cdh2) is required for normal tailbud morphology and axis elongation but not tailbud differentiation (Hammerschmidt et al., 1996; Harrington et al., 2007; Lele et al., 2002; Warga and Kane, 2007) (Fig. 5A,B) . We examined cell flow in cdh2-null mutants to determine whether tissue fluidity was affected in ways that paralleled abrogation of Wnt or Fgf signaling. The cdh2 mutant exhibited many of the same changes in cell motion but, overall, the effects on the quantitative metrics were stronger than those observed after either notum1a overexpression or SU5402 treatment (Fig. 5C-J) . Loss of cdh2 reduced the MSD exponent in the DM (Fig. 5G) . The cdh2 mutants also displayed reduction of the correlation length of the direction of motion both in the DM
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Development 140 (3) and PZ (Fig. 5I) and reduction of polarization (Φ) in all domains (Fig. 5H) . We wondered whether abrogation of either Wnt or Fgf signaling could be affecting cell flow via partial diminution of Cadherin-dependent cell adhesion. Thus, we examined adherens junctions by immunohistochemistry for β-catenin. In wild-type tailbuds, visualization of β-catenin revealed a lattice of adherens junctions (Fig. 5K) , and this lattice was blotchy in cdh2 mutants (Fig. 5L) . However, we observed no obvious loss of adherens junctions in either notum1a-overexpressing or SU5402-treated tailbuds (Fig. 5M,N) . These data suggest that reduction of Wnt or Fgf signaling in the tailbud does not primarily affect tissue fluidity by reducing Cadherin-dependent cell adhesion.
The balance between the coherence and rate of cell flow determines axis morphology Inhibition of both Wnt and Fgf signaling reduced the coherence of cell flow in the DM, but ultimately had different effects on trunk elongation. To explore further the dynamics of cell flow in the tailbud, we studied a 2D model of self-propelled motion similar to a model used previously to study the emergence of order in cellular migration (Szabó et al., 2006) . For simplicity, the tailbud is modeled as a 'T' geometry in 2D with reflective boundaries ( Fig. 6 ; supplementary material Fig. S8 and Appendix S1). The bottom of the 'T' is anterior and the top is posterior. The upper portion of the vertical column represents the DM whereas the intersection with the vertical and horizontal sections is the PZ. Cells are introduced at the bottom of the 'T' at a constant rate and flow upward through the left and right ends of the top of the 'T'. In the model, two forces determine the motion of a cell at each time point: a self-propulsion of constant magnitude and the force resulting from interactions with the neighbors or the walls of the 'T' (supplementary material Fig. S8 and Appendix S1). The direction of the self-propulsion changes over time: it tends to align itself along the direction of motion but also experiences random fluctuations. To mimic the measured change in the coordination of cell motion at the DMto-PZ transition, the noise in the angular alignment was set to be higher at the top of the 'T'. This simulation produces a steady bilaterally symmetric flow, as observed in wild-type embryos (Fig. 6A) . When instead noise in the angular alignment of the individual cells is increased throughout the vertical portion of the 'T', the flow becomes jammed (Fig. 6B ). In the real embryo, we would expect such a jam to lead to expansion in the vertical direction (formation of a bump) or deviation of the tail axis. In the 2D simulation, jamming causes an accumulation of cells in the DM (Fig. 6B) . However, unlike the posterior jam that forms after ectopic notum1a expression, the jams in the simulation form anywhere along the vertical portion of the 'T'. Further simulations indicated that localization of cell aggregation to the top of the 'T' requires the noise in the angular alignment of the individual cells to be lower at the bottom of the 'T' than at the top. The prediction is that cells anterior to the DM, in what we call the anterior dorsal medial zone (ADM), should be more ordered than in the DM in notum1a-overexpressing tailbuds. We compared the polarization (Φ) in the ADM and DM of three wild-type embryos, three notum1a-overexpressing embryos and three SU5402-treated embryos (Fig. 7A-C) . In wild type, the polarization in both the ADM and DM was high (Fig. 7A) . In embryos ectopically expressing notum1a, the ADM is always more ordered than the DM (Fig. 7B) , which is consistent with the cell aggregation forming in the DM instead of the ADM as suggested by the simulations.
In the SU5402-treated embryos, the MSD exponent in the DM was decreased relative to wild type (Fig. 3D,L) . This decline in effective migration in SU5402-treated embryos suggests an explanation for the different morphological phenotypes of notum1a and SU5402-treated embryos. In simulations, an increase in the disorder can be counterbalanced by a reduction in the flux of cells into the DM (Fig. 6C ). This latter reduction curtails formation of jams in the flow (Fig. 6C ) and bilateral flow is maintained. We examined posterior flow by calculating the medial-lateral angle of cell movement relative to direct posterior migration for each cell at each time point. The variability of posterior migration was calculated as the standard deviation of the polar angle (ϕ) distributions for the ADM and DM (Fig. 7D-F) . In wild-type embryos, the angles tightly clustered near direct posterior migration. The distribution was broadest in SU5402-treated embryos. Thus, cells in the ADM and DM of SU5402-treated embryos were less posteriorly directed. The same trend is observed in the computer simulations (Fig. 6) . The reduction in posteriorly directed migration was also evident in the effective migration of cells in the ADM and DM of SU5402-treated embryos. The MSD exponent of both domains was lower in SU5402-treated embryos, but not in notum1a-overexpressing embryos, relative to wild type ( Fig. 7G-I) . Lastly, we examined convergence towards the dorsal midline and extension along the anterior-posterior axis of the ADM and DM. We found that the ADM of SU5402-treated embryos displayed less extension than either wild-type or notum1a-overexpressing embryos (Fig. 7J-L) . Thus, the flow of cells into the DM is lower after SU5402 treatment. These data, along with the simulations, suggest that the balance between the rate of cell flow and the coherence of the flow underpins the different elongation phenotypes in wild-type embryos, notum1a-overexpressing embryos and SU5402-treated embryos.
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DISCUSSION
The data presented here show that neural and mesodermal progenitors dorsal to the neural tube exhibit highly ordered collective migration. As mesodermal precursors migrate ventrally at the posterior tip of the tailbud, the polarization (Φ), MSD exponent and neighbor similarity are reduced whereas average cell velocity remains high. Cell labeling by two-photon laser uncaging indicates that neighboring cells in the DM become separated in the PZ and persist within the less coherent flow of the PZ for varying amounts of time before entering the PSM. This cell mixing promotes tissue homogenization, which is important as the new PZ cells express mesodermal and segmentation genes anew and need to synchronize their segmentation clocks with their neighbors (Uriu et al., 2010) . Indeed, a remarkable feature of the posterior tailbud is the discrete domains of Wnt-and Fgf-dependent gene expression that persist despite extensive cell movement (Bénazéraf et al., 2010; Delfini et al., 2005; Mara et al., 2007; Zamir et al., 2006) . As cells transition from the PZ to the PSM, the cell velocities decrease but the degree of order remains the same as in the PZ.
Complete inhibition of Fgf or Wnt signaling in zebrafish leads to severe axis truncation with loss of trunk and/or tail (Draper et al., 2003; Shimizu et al., 2005; Thorpe et al., 2005) . We therefore examined relatively mild perturbations in these pathways in order to compare changes in cell movement with the normal flow observed in wild-type embryos. Both perturbations lead to a reduction in mesodermal gene expression, but the mild to undetectable effects on the spatial patterns of gene expression do not correlate with the strong changes in cell motion observed in the DM and ADM. Furthermore, examination of the cdh2 mutant indicates that tissue fluidity can be similarly modified without affecting differentiation.
If cell motion in the DM were largely driven by bulk flow of the tissue, then a reduction in the polarization Φ should be accompanied by a decrease in cell velocity. However, notum1a overexpression and Fgfr inhibition affect the polarization Φ without reducing cell velocity, suggesting that the loss of coherence is instead due to alteration of self-propelled cell migration. The computer simulations demonstrate that increasing the angular noise in self-propelled cell motion reduces the polarization Φ, and these simulations are consistent with the phenotypes that are observed in vivo. In support of our conclusions, in vitro studies of traction and intercellular stresses in cell monolayers during collective cell migration do not support the idea that one group of cells produces compressive forces that push the cells at the leading edge. Rather, motion is driven by cooperative interactions between cells undergoing self-propelled migration (Trepat and Fredberg, 2011) .
The quantification of cell flow after notum1a overexpression and Fgfr inhibition shows that cell flow metrics show a complex relationship with the morphological phenotype. In ectopic notum1a embryos, cell flow in the DM is noisier than in wild-type embryos (Fig. 7M,N) . The correlation length of direction of cell motion, polarization Φ and neighbor similarity are all diminished to levels normally seen in the PZ. However, the rate of posterior cell flow in the ADM remains high. Computer simulations suggest that this rapid, less organized flow results in a jam in the flow of the DM leading to bump formation, which resolves into bilaterally asymmetric flow. Fgfr inhibition leads to a reduction in coherence of the cell flow in the DM. But in contrast to notum1a overexpression, it also reduces the flux into the DM (Fig. 7O) . Counter-intuitively, these more severe perturbations to the cell motion in the DM prevent cell aggregation, as the more slowly moving flow continues ventral rotation into the PZ and bilaterally symmetric distribution into the PSM.
An analogy to this cell flow can be made with automobile traffic on an expressway. When all vehicles travel at the same speed with no lane switching, as in wild-type coherent flow, then a high rate of travel can be stably maintained. However, when vehicles frequently switch lanes, as in the less coherent flow in ectopic In notum1a-overexpressing embryos, the coherence in the DM is prematurely lost but the flow rate in the ADM is maintained. Cells are unable to move through the tailbud and a 'traffic jam' forms leading to a bump and a turning of the axis. (O) In SU5402-treated embryos, the coherence in the DM is strongly reduced, as is the flux in the ADM. The latter reduction curtails the propensity of the flow to jam, thus cells pass through the PZ, albeit at a reduced rate, leading to a straight but shorter axis than that of wild type. notum1a-overexpressing embryos, then at high speed, accidents and traffic jams are inevitable. In the third situation, traffic is not coherent but the rate of cells entering the expressway is slower, as after Fgfr inhibition. Here, the slower addition of vehicles allows the traffic to continue to flow.
